Abstract Titanium parts are ideally suited for aerospace applications due to their unique combination of high specific strength and excellent corrosion resistance. However, titanium as bulk material is expensive and challenging/costly to machine. Production of complex titanium parts through additive manufacturing looks promising, but there are still many barriers to overcome before reaching mainstream commercialization. The cold gas dynamic spraying process offers the potential for additive manufacturing of large titanium parts due to its reduced reactive environment, its simplicity to operate, and the high deposition rates it offers. A few challenges are to be addressed before the additive manufacturing potential of titanium by cold gas dynamic spraying can be reached. In particular, it is known that titanium is easy to deposit by cold gas dynamic spraying, but the deposits produced are usually porous when nitrogen is used as the carrier gas. In this work, a method to manufacture low-porosity titanium components at high deposition efficiencies is revealed. The components are produced by combining low-pressure cold spray using nitrogen as the carrier gas with low-cost titanium powder produced using the Armstrong process. The microstructure and mechanical properties of additive manufactured titanium components are investigated.
Introduction
Titanium is the ninth most abundant element on earth, has one of the highest specific strengths for a pure metal, maintains good properties at elevated temperatures, and has excellent corrosion resistance. However, the high cost to produce titanium components limits its use to high-end applications where cost is not a primary factor, usually in the aerospace, defense, and medical sectors (Ref 1, 2) . This high cost is the result of two factors: The production of titanium mill product from primary materials requires many costly steps, and its reactivity and poor workability make it difficult to cast, forge, and machine (Ref 1) .
Typically, titanium is converted from raw primary materials (such as rutile) to titanium sponge through the Kroll process (Ref 1) . It must then be purified through acid leaching and undergo vacuum arc remelting to form an ingot. The latter must then undergo primary fabrication into mill products, casting to a near-net shape (Ref 1), or atomized into powder form. Forging is difficult and expensive, requiring many steps and various heat treatments; only rarely is titanium directly forged into finished components. Casting is also possible but challenging due to the materials' high reactivity to the atmosphere and to the other refractory materials common in the casting process. Near-net shapes can be produced using casting often with a combination of hot isotactic pressing (HIP) and traditional machining, but are limited in scope due to the production costs. As a result of these limitations, components are often produced through traditional manufacturing from large stock, which results in material losses of up to 90% for aerospace parts which accounts for over 60% of the final part costs. Even this traditional machining is difficult as titanium has a tendency for seizing and galling (Ref 2) .
Due to these cost factors, far less titanium is used in production applications than expected (Ref 1) .
Near-net-shape components using additive manufacturing (AM or 3D printing) and powder metallurgy (PM) methods have recently been used to alleviate some of these cost problems (Ref [1] [2] [3] . AM of metals can be separated into two broad categories: indirect methods, where a binder is used to bond the metal particles and post-processing is used to remove the binder and consolidate the part, and direct methods, where the final part is created directly without a binder (Ref 4) . It is possible to fabricate intricate parts with good surface finishes with processes such as electron beam melting (EBM) (Ref [3] [4] [5] ; however, this process is currently limited by a manufacturing rate of 6 g/ min at the very high end for titanium [modified from (Ref 6, 7) using a density of titanium of 4.51 g/cm 2 ( Ref 1)]. This deposition rate leaves much room for improvement. The printed parts also suffer from poor dimensional tolerances and surface finish when compared to machined or cast parts (Ref 8) , as well as having a non-uniform grain structure due to uneven melting and heating (Ref 9) . The size of these components is also limited to the size of the powder bed and inert environment chamber .
In most cases, titanium components produced using AM or PM methods require HIP processing (Ref 3, 10) . By simultaneously applying pressure and temperature to the parts, consolidation of the pores is possible. However, HIP processing significantly affects the final component volume and geometry. This must be considered during the design stages and modeling continues to be a great challenge to accurately predict HIP shrinkage for AM and PM parts. Furthermore, the properties of HIP processed parts are usually found to be coarser than desirable and additional heat treatments are required. Lastly, the majority of these methods currently require the use of expensive, gas-atomized powders. As a result of these downsides, AM of titanium is often limited to small, non-structural components with low-quality requirements (Ref 1).
Cold gas dynamic spraying (CGDS) is a solid-state thermal spray process normally used for coatings and repairs. Over two decades of fundamental studies (Ref [11] [12] [13] [14] [15] [16] [17] [18] [19] have elucidated the theoretical principles of the process, which has led to the development of commercial equipment and applications . While the CGDS process has become established in recent years, particularly for repairs , it is still in its infancy as an AM process (Ref [28] [29] [30] [31] [32] [33] [34] [35] [36] (Ref 13) proposed that the critical velocity for titanium is above 700 m/s for adiabatic sheer instability to occur. This may limit the possibility of using this process as fabrication tool due to high cost of equipment and operation. The high temperatures required may also lead to degradation of the properties of the original component if the CGDS process is used to produce extensions of existing parts.
Recent advancements in titanium production have introduced new powder morphology to the market through the Armstrong process (Ref 46, 47) . The powder produced through this method has a coral-like morphology, which is very different from commonly used powders in the CGDS process, such as spherical gas-atomized powder, mechanically crushed angular particles, or the titanium sponge morphology created during the Kroll process (Ref 21) . Furthermore, the powder produced with the Armstrong process is attractive since it can be produced at a significantly lower cost when compared to traditional spherical powder. Normal spherical powder costs upwards of 110 USD/kg to produce, while Armstrong powder, which is produced directly from the reduction of TiCl4 in a continuous liquid loop, costs only 11-24 USD/kg (Ref 48, 49) .
It has been shown that the morphology of titanium powder can have an impact on deposition behavior. Wong et al. showed that irregular and sponge titanium morphologies had higher deposition efficiency (DE) when compared to spherical powders (Ref 45) . This increase was attributed to a higher particle velocity, as a result of an increase in drag force combined with a lower mass. Wong et al. (Ref 45) also observed higher porosity levels in the coatings deposited with the sponge powder created through the Kroll process, attributed to the internal porosity of the feedstock powder. Yin et al. (Ref 50) have shown that irregular titanium particles may reduce substrate adhesion as a result of torque acting on the particle during impact with the substrate. However, there have been no studies on the CGDS of titanium powders produced by the Armstrong process.
The powder's unique morphology produces excellent compressibility and compaction behavior when used in traditional PM processes, capable of producing compacts with significantly higher green strength and lower porosity than other irregular powders (Ref 46, 48) . The particular morphology of the powder should result in a large drag force combined with a lower mass per unit volume when compared to spherical particles. As a result, it is possible that less aggressive CGDS parameters may be used to reach high DE and low-porosity deposits.
This work is a preliminary study on the use of unique titanium particle morphology, one produced during production using the Armstrong process (Ref 47) , to produce high-density CGDS deposits with low-pressure and lowtemperature nitrogen as propellant gas. The deposition behavior is examined through DE, particle velocity, coating density, and hardness. The understanding of the behavior is further enhanced through particle impact modeling. Lastly, CGDS is used to additively manufacture tensile test samples and heat treatments are done to improve the mechanical properties of the AM components. The combination of the reduced machining costs of AM, the high deposition rates and low operating costs of CGDS, and low-cost powder from the Armstrong process could significantly reduce the overall cost of producing large, near-net-shape, titanium components.
Materials and Methods

Feedstock Powder
The feedstock powder used for this study was commercially pure (grade 2) titanium powder (\325 mesh) from Cristal Metals (Cristal US Inc., Woodridge, IL, USA). It is produced using the Armstrong process. The process produces powder particles with unique, low bulk density, ''coral-like'' morphology as shown in Fig. 1 .
CGDS Process
The titanium powder was consolidated using the commercially available SST Series EP Cold Spray System (Centerline Ltd, Windsor, Canada). The system has a maximum operating gas temperature of 550°C and a maximum gas pressure of 3.8 MPa. A stainless steel de Laval nozzle with a 2-mm-diameter throat, a 120-mm-long diverging section, and an exit diameter of 6.6 mm was used. Powder was fed downstream of the orifice at a 45°a ngle using a commercially available powder feeder from Praxair Surface Technologies (Model 1264, Praxair Surface Technologies, Concord, NH, USA).
In order to investigate the effect of process gas pressure and temperature on the deposition behavior of this powder, the parameters in Table 1 were used. Since densification of this powder in other PM processes requires less energy than with spherical powder, it is envisioned that deposition may be possible at lower ranges of parameters than those discussed in the literature ( Ref 13, [39] [40] [41] [42] [43] [44] [45] . Therefore, a large range of temperatures and pressures were tested in order to understand the behavior of this unique powder morphology during the CGDS consolidation process.
In order to further understand the deposition behavior of single particles, single impact analysis was also completed. This was done by reducing the powder feed rate while holding the other parameters constant in order to see the impact of only one particle at a time on the substrate. For these tests, the substrate was polished commercially pure titanium (grade 2).
Sample Characterization
As-received powder, single impact tests, and consolidated powders (thick deposits) microstructures were investigated using a scanning electron microscope (EVO-MA10, Zeiss, UK) and an optical microscope (VHX-2000E, Keyence, Canada). In order to quantify porosity level, cross sections of the deposits were stitched together using the VHX-2000 software at a magnification of 2009. The porosity was then quantified through contrast of the optical images using ImageJ software for three cross sections per deposit. Microhardness testing of the deposits was conducted on the cross section of polished samples using a Vickers 
Particle Velocity Measurement
Particle velocity measurements were taken using the ColdSprayMeter (CSM) eVOLUTION (Tecnar Automation Ltd, St-Bruno, Canada). This system uses a continuous 2.4 W (k = 810 nm) laser with a dual-split photomask in order to perform in-flight diagnostic on individual particles. It provides precise velocity of individual particles during flight. In this study, the velocity measurements were taken at a point 10 mm downstream from the center of the cold spray nozzle exit. Testing was run for several minutes to ensure the collection of a robust set of data to ensure significant results.
Modeling of Particle Impact Dynamics
The aim of the modeling work was to demonstrate that powder morphology can have a capital importance on the densification and bonding seen in the CGDS consolidation process. This study shows the densification of the coralshaped titanium powder and compares it to the experimental single impact testing. This study also compares the behavior of the coral-shaped titanium powder versus the behavior of traditional gas-atomized spherical powders through a 2D modeling approach. 58). For the current work, the modeling will use 2D particle approximation. A specific image treatment procedure was developed, based on a marker-driven watershed algorithm, implemented in the open-source Simple Morphological Image Library (SMIL) software. First, thresholding of the image was performed to identify the particle, which was used as a mask for the watershed. The segmented image was then treated with an in-house code in order to extract the external perimeter of the image as a sequence of coordinates. The same procedure was applied to the internal porosity. A piecewise linearization algorithm was then applied to simplify the data and thus reduce the number of points. This procedure enabled to import the real cross-sectional morphology of the particles into the finite element software Abaqus/Explicit Ò . The geometries obtained in this way were meshed using bilinear quadrilateral elements within Abaqus.
The modeling physics did not differ from most of the modeling efforts presented in the literature [e.g., (Ref 59, 60) among many others]. The ''Mie-Gruneisen'' equation of state (EOS), describing material state in the high-pressure domain and shock wave propagation, was used in the Hugoniot formulation,
where p is the pressure, q the density, E the internal energy, 
At the interface between the particle and the substrate, friction was considered. A modified Coulomb model was applied (i.e., the limit shear s grows linearly with the contact pressure, until an upper value, namely s max , is reached). Metallurgical adhesion was not considered as it was not believed to have an important influence on the deformation process during impact. All the material parameters are summarized in Table 2 .
In order to achieve numerical convergence under intense deformation conditions usually found in cold spray, an adaptive meshing tool (adaptive Lagrangian-Eulerian or ALE) available in the Abaqus software was applied to a domain which corresponded to the particles and the part of the substrate closer to the particle (i.e., the part finely meshed). ALE performed a regularization of the distorted mesh by displacing the nodes at the interior of the selected domain, which resulted in a reduced overall distortion. The solution was then mapped to the new mesh. The whole simulation was divided into several temporal steps, in order to adjust the remeshing parameters during the simulation as often as needed for the benefit of convergence.
Post-processing Heat Treatment
It is known that in the CGDS process, the resulting depositions usually contain residual stresses, and suffer brittle 
Mechanical Testing
Additional mechanical testing of selected samples was completed after heat treatment to assess the mechanical properties of the fabricated parts. These samples were tested using the standard test method for tension testing of metallic materials (ASTM E8) (Ref 70) . The dimensions of the CGDS fabricated tensile samples are shown in Fig. 2 .
Results and Discussion Deposition Behavior and Sample Characterization
A mapping of the average particle velocities is shown in Fig. 3 . This figure shows that as gas pressure and temperature are increased, the average particle velocities also increase. This is what is expected from the literature (Ref  71) . What is notable is that all of these velocities are well below the required critical velocity (indicated by a dotted line in Fig. 3 Fig. 3 shows the point at which deposition occurred in this study. It appears that critical velocity for this powder is much lower (almost 50%) of that required for the spherical titanium studied by others. DE was measured by weighing the samples before and after deposition and comparing the mass gain with the mass of powder fed. The powder feed rate was measured directly at the powder feeder exit in testing separate from the operation of the CGDS system. The DE as a function of stagnation temperature for different pressures is shown in Fig. 4 . Since the particle velocities were substantially lower than the critical velocities found in the literature, it was expected that DE should also be low. However, the DE was found to reach approximately 90% for the highest particle velocities. Although high DE is expected with titanium, normally much higher velocities than those obtained in this work are required to approach 100% DE (Ref 40, 45, 72) .
The density of the deposits as a function of spray process parameters (gas pressure and temperature) is shown in Fig. 5 . This figure shows that for all but the lowest parameters, the coatings have high-density levels. It should be noted that these values are averages of the entire cross section of the as-sprayed component, with the majority of the porosity contained in the edges of the deposition, which is a typical characteristic of CGDS titanium (Ref 45, 73) .
The results of high DE and low porosity levels suggest that the values reported in the literature for titanium critical velocity may not be appropriate for non-traditional powder morphology such as the one used in this work. An example of a dense cross section is shown in Fig. 6 Fig. 6 (b) provides some insight into the deposition behavior of this powder. Cracks can be seen propagating from the indentation. These cracks are suspected to be following particle boundaries, demonstrating that there is very little cohesion between particles. This again is unexpected, since in CGDS the particle velocities required to get a dense coating usually results in strong particle to particle cohesion.
Fracture surfaces of the as-deposited component were investigated with SEM and are shown in Fig. 7 . The fractographic analysis leads to no signs of the normal fracture mechanisms seen in titanium. The lack of characteristic markings, such as cup and cone dimple rupture, leads to the conclusion that this fracture surface contains little to no metallurgical bonding (Ref 74) . These types of fracture surfaces are much closer to those seen in PM at a green state (before sintering) (Ref 75).
Understanding Deposition Through Single Impact Analysis and Modeling of Particle Impacts
In order to enhance the understanding of the deposition behavior of the particles during impact, modeling and single impact testing was done for a single set of deposition parameters. The CGDS spray parameters used to for this model and single impact analysis were 1.7 MPa and 500°C. These parameters were selected as the DE and density did not appear to increase substantially beyond this point. These CGDS spray parameters resulted in an average particle velocity of 463 m/s. The substrate temperature was found to be 188°C. This particle velocity and substrate temperature were used as inputs for the model. The particle temperature could not be measured and was assumed to be the same temperature as the substrate at the point of impact. It is hypothesized that during impact, the unique particle morphology allows the particles to anchor to one another while collapsing and flattening on themselves, resulting in a high DE and dense structure with very little cohesion between the particles. The results of the simulations showing the impact behavior of two particles with real geometries is shown in Fig. 8(a), (b) , and (c). This figure acts as a visual aid, showing how, as a result of powder morphology, the particle is able to collapse almost fully during impact. Figure 8(d) , (e), and (f), shows SEM images of particles that have not been compacted during impact with the substrate. It is clear from these images that the model accurately predicted the behavior of the coral-shaped particles. Figure 8 not only shows the method for densification, but sheds light on the how the particles would be able to interlock with each other without creating metallic bonds between the particles. This interlocking of the particles helps explain why such high DE is achievable at low particle velocities. Spherical particles, which are normally used in CGDS, would require adiabatic sheer instability at the impact zone to achieve bonding and form a coating. In this case, this is no longer required for this morphology of powder. Figure 9 shows the resulting plastic equivalent strain (PEEQ) contours of spherical titanium particles and coralshaped particles upon impact with the substrate obtained from the model. The spherical particles (Fig. 9a) only have PEEQ in the immediate vicinity of the impact zone. These particles also show no metal jet formation along impact area. This result shows that these spherical particles are unlikely to adhere at these low impact velocities. Figure 9(b) shows areas of much higher peek throughout the particles, but especially at the impact area. This higher PEEQ may be a result of decreased interfacial contact area, which could result in bonding but only on a small fraction of the interface. Zones of deformation can also be seen away from the impact zones of the particles, especially concentrated at thin zones of the particle. This localized plastic deformation results from a torque caused by inertia force of a portion of the particle created during impact. This deformation is responsible for the collapse of the particle and is assumed to be the cause of the resulting easy densification.
It can also been extrapolated that the impact of subsequent particles is responsible for the densification of the remainder of the porosity that is left at the top of the particle. Overall, this deformation results in a much higher flattening ratio for the coral-shaped powder. The flattening ratio, defined by the ratio of the longest length of the particle to the shortest length of the particle, of the center particle in the circular simulation increased by 24%, while the flattening ratio of the center particle in the coral-shaped powder increased by 64%. Based on these modeling results, it is sensible to conclude that with the coral-shaped particles, metallurgical adhesion could happen more readily than for the case with spherical particles, with the same impact velocities, due to high localized PEEQ at the impact zones. However, this contact area would be quite small. It was also observed that there was mechanical interlocking between particles. Both of these bonding mechanisms would result in a week bond, but be favorable to a high DE. The modeling results also demonstrate how this powder is able to reach such high density, even at such low particle velocities through plastic deformation throughout the entire particle, resulting in a high flattening ratio.
Heat Treatment and Resulting Properties
The CGDS parameters used to fabricate the components to be heat-treated are 1.7 MPa and 500°C. Since the behavior of the deposits appears to be similar to that of green compacts in PM, the low hardness and poor cohesion of the fabricated components can potentially be overcome by growing metallic bonds between particles through heat treatment (Ref 76) . These heat treatments were done under vacuum (1 9 10 -7 Torr) for the specified times and temperatures listed in ''Post-processing Heat Treatment'' section. SEM images of these samples after hardness testing, followed by etching (solution of Table 3 .
In Fig. 11 (a), cracking and delamination between particle boundaries can be seen around the edges of the microhardness indent. Since this sample does not have a heat treatment, it is expected to have the same cracking artifacts seen earlier as well as having a low hardness (Table 3 ). Figure 11 (b) and (d) shows that this cracking around the indents is no longer present. This result shows that cracks can no longer propagate through the particle boundaries, indicating that metallic bonding has occurred between the particles. For the heat treatment C, an increase in hardness is present indicating that the cohesion between the particles has increased; however, cracking at the particle boundaries is still visible indicating that the heat treatment process was not adequate to induce full bonding between the particles (Fig. 11(c) ).
It was found that for two of the heat treatments (B and D), the component microhardness was above that for bulk materials. This additional hardness is likely due to increased oxygen content present in the finished component (Ref 1). This small percentage of oxygen was likely present in the original powder as the CGDS process is done in an inert nitrogen environment and the heat treatment occurred in a vacuum (\10 -7 Torr). Tensile samples (dimensions found in Fig. 2) were fabricated using CGDS using the using the same spray parameters as the previous heat treatment testing (1.7 MPa and 500°C nitrogen). The samples were then separated from the substrate. These samples were heat-treated at 1000°C for 3 h, as this heat treatment resulted in the highest hardness in the heat treatment testing. After heat treatment, the samples have been machined to final dimensions. Stress relief annealing at 550°C for 2 h (Ref 1) was done after machining.
Tensile testing of the samples resulted in an UTS of 277 ± 88 MPa. The average value found is above the minimum value listed for UTS in the literature of 240 MPa (Ref 1) . However, all three samples underwent brittle fracture will little plastic deformation.
Figure 11(d) shows that the component recrystallized and that the particles were bonded during the heat treatment. Therefore, it would be expected that any residual stress or cold work would be eliminated, and the component should have failed in a similar ductile manner as the bulk material. However, post-fracture analysis showed that the fracture propagated from flaws created during final machining steps at the neck area of the sample. These flaws would have created stress concentrations during tensile testing, resulting crack propagation and sudden, brittle fracture. Therefore, the values for the UTS do not reflect the true strength of the material, but a minimum value for components without stress concentrations.
Fractographic examination of the fracture surfaces using SEM shows a very unique topography. The majority of the fracture area was found to be a smooth surface of irregular shapes without normal fracture patterns such as dimple rupture, cleavage, or fatigue markings. This kind of fracture is referred to as decohesive rupture, which normally exhibits little to no bulk plastic deformation. This type of fracture can occur as a result of a unique microstructure and it is associated with rupture along grain boundaries (Ref 74) . In this case, a fracture surface that appears to follow the original particle boundaries is seen. This kind of surface is seen commonly in PM fracture surfaces after sintering (Ref 76) .
This fracture surface also shows areas of dimple rupture, showing a failure by a process known as microvoid coalescence (Ref 74) . This type of fracture exhibits numerous cuplike depressions, referred to as dimples. This type of mixed fracture mode surface is a result of an inappropriate heat treatment/ sintering, as there is preferential failure along particle boundaries. Continued sintering should 
Conclusion
Fully dense titanium parts were fabricated using CGDS as an AM process. This was accomplished using low-pressure and low-temperature nitrogen as the process gas. The key to this result is attributed to the unique coral-shaped powder morphology that allows the easy densification and deposition through CGDS. Although the properties of these components are not ideal in the as-manufactured state, a short heat treatment of 3 h results in properties comparable to bulk material in terms of hardness and UTS. This is a promising approach for CGDS as a method for AM of titanium parts. The low powder cost and the advantages of additive manufacturing could allow for a substantial cost savings in titanium part production when compared to traditional manufacturing methods. CGDS also makes AM of large titanium parts attractive as it addresses some of the drawbacks of the other AM processes such as deposition rates, post-processing and shrinkage, and size limitations. Lastly, the CGDS process cost is kept low due to the ability to use nitrogen and low process parameters-which would not be possible using traditional spherical powders.
With these cost saving advantages, AM of titanium using Armstrong process powder and CGDS could lead to a paradigm shift of titanium production, allowing titanium to enter markets that under traditional methods would be far too expensive.
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